Background--Sex-related differences in morbidity and survival in bicuspid aortic valve (BAV) adults are fundamentally unknown. Contemporary studies portend excellent survival for BAV patients identified at early echocardiographic-clinical stages. Whether BAV adults incur a survival disadvantage throughout subsequent echocardiographic-clinical stages remains undetermined.
B
icuspid aortic valve (BAV) is the most common congenital heart defect, 1 and aortic valve replacement (AVR) its most frequent long-term complication with over 50% of patients incurring AVR 25 years after BAV diagnosis. [2] [3] [4] Over 25% of BAV patients also develop ascending aorta aneurysms (AA) 25 years after BAV diagnosis, with cohort risks of aortic dissection ranging from 0.5% to 1%. 3, 4 In addition, infective endocarditis (IE) is observed in~2% of contemporary BAV cohorts. 2, 3, [5] [6] [7] Although the BAV condition begins at birth, the echocardiographic-clinical evolution of most adults with BAV begins at echocardiographic diagnosis in young adulthood, 2 followed by continued surveillance of BAV dysfunction and/or AA locally or via tertiary clinical referral. 3 The subsequent evolving echocardiographic-clinical stage for over 50% of BAV adults is surgical referral for AVR. 4, 6 Beyond the fact that BAV is more frequent in men than women, sex-specific morbidity and survival patterns in BAV adults remain fundamentally unknown. 8 In addition, contemporary assessment of long-term survival in BAV patients has involved young patient cohorts, frequently identified at the time of BAV diagnosis, and has included children. [2] [3] [4] The resulting survival rates have been identical to those in the general population, suggesting a benign prognosis for BAV patients. [2] [3] [4] Nonetheless, whether BAV cohorts identified at subsequent echocardiographic-clinical stages beyond the diagnosis stage could incur survival penalties 6 remains undetermined.
Therefore, investigating long-term survival in BAV adults requires assessment of large cohorts beyond the stage of BAV diagnosis to include the time of tertiary clinical referral and the time of AVR referral. In addition to allowing population-based analysis of BAV cohorts, 4, 9 Mayo Clinic (Rochester) serves as a tertiary center with high cardiac diagnostic and surgical referral volumes, allowing survival analysis of large BAV patient cohorts at different stages of their condition. In order to examine sexspecific morbidity patterns in BAV patients, we analyzed the largest population-based community cohort with the longest reported follow-up. 4, 7 To verify those morbidity patterns and test the hypothesis that survival may be compromised in BAV adults across evolving echocardiographic-clinical junctures, we analyzed overall and sex-specific survival in a tertiary clinical referral cohort and in an AVR referral cohort.
Methods
We analyzed 3 different groups of consecutive BAV patients:
(1) a community cohort comprising only residents of Olmsted County, MN, with a first BAV echocardiographic diagnosis, on which we previously had reported overall aorta/IE complications 4, 7 ; (2) a tertiary clinical referral cohort of consecutive non-Olmsted BAV adult patients with a first-Mayo echocardiogram; and (3) a surgical referral cohort of consecutive BAV adult patients undergoing AVR at Mayo-Rochester. The protocol was approved by the Institutional Review Board, and patients gave informed consent for clinical studies.
Echocardiography
All patients underwent baseline clinical evaluation and comprehensive transthoracic echocardiography with stateof-the-art technology at diagnosis. 2, 4 Left ventricular ejection fraction was assessed with 2-dimensional echocardiography, visual estimation, or volumetric assessment. 10 Diagnosis of BAV was based on short-axis aortic valve imaging demonstrating 2 commissures delimiting only 2 aortic valve cusps. 2, 3 Doppler was used to measure blood velocity and assess degree of aortic regurgitation (AR), 11 with assessment of flow reversal in the aortic arch and Doppler measurement of maximal aortic jet velocity and mean gradient from multiple windows. 12 Aortic regurgitation was graded as 1+ (trivial or mild), 2+ (moderate), 3+ (moderate-severe) and 4+ (severe) with utilization of specific and supporting signs as recommended. 13 Baseline and follow-up AS (any AS) was defined as Doppler mean transaortic systolic gradient ≥20 mm Hg or peak systolic transaortic velocity ≥3.0 m/s. Severe AS was defined as a mean Doppler transaortic gradient ≥40 mm Hg or peak Doppler transaortic velocity ≥4 m/s. Two-dimensional ascending aorta measurements were obtained in the parasternal long-axis view at end-diastole. Root and ascending aorta diameters were measured by the leading-edge-toleading-edge technique. 10 The largest diameter between the root and ascending aorta for each patient was used for analysis. Aortic diameters were corrected by height. The ratio of the aortic diameter cross-sectional area by the height (ratio=r 2 p[cm 2 ]/height [m]) was also used to correct for dissimilarities in body size.
14,15
Cohort Definition and Follow-Up Procedures
Community Cohort
The community cohort included consecutive residents of Olmsted County of all ages with a first echocardiographic BAV diagnosis from January 1980 to December 1999 ( Figure 1 ). The follow-up of this cohort was obtained by review of medical records, mailed surveys, telephone interviews, and social security search.
Tertiary Clinical Referral Cohort
From January 1990 to September 2011, all consecutive non-Olmsted patients ≥18 years old with a first-Mayo echocardiogram confirming BAV were identified from our echocardiographic database, and those patients with comprehensive Doppler aortic valve assessment were included for analysis ( Figure 1 ). All-cause mortality within this group was determined by electronic medical record search, social security search, and by National Death Index search (NDI number 2012-0008). The use of these national mortality databases guarantees identification of >90% of deaths. 16 
Surgical Referral Cohort
From January 1995 to December 2010, all consecutive BAV patients ≥18 years old undergoing AVR at our institution were identified from our STS database, which is abstracted regularly ( Figure 1 ). All-cause mortality within this group was determined by electronic medical record search and social security search.
BAV-related morbidity endpoint included AVR, AA, dissection, IE, and surgery of the aorta (for dissection, coarctation, or elective aneurysm repair). For the tertiary clinical referral and surgical referral cohorts, the single clinical endpoint was all-cause mortality.
Statistical Analysis
Continuous variables are expressed as meanAESD and percentage for categorical variables. T test and Fisher test or Chi-squared test were used for comparison between continuous and categorical data, respectively. Survival and event rates were estimated with the Kaplan-Meier method and compared between groups with the 2-sample log-rank test. Survival of patients was compared with that of the Minnesota white population matched for age and sex as defined by the US Census Bureau life tables and tested with a 1-sample logrank test. Association of baseline clinical characteristics with the incidence of events was analyzed with the Cox proportional-hazards method. The association of age and sex with standardized mortality relative risk of death (standardized to the US general population) was assessed using a generalized linear model with a Poisson distribution for the observed number of deaths. The functional relationship between age and the hazard ratio for death was estimated using smoothing splines at the population level (adjusting for expected survival). Statistical significance was set a priori at P<0.05. All analyses were performed with SAS version 9.2 (SAS Institute Inc, Cary, NC).
Results

Community Cohort
From 1980 to 1999, there were 416 Olmsted County residents with new echocardiographic BAV diagnoses. Indication for echocardiogram was abnormal auscultation in 295 (71%). Other indications were left ventricular function evaluation, cardiac symptoms, and other known congenital heart disease. Baseline characteristics by sex are presented in Table 1 . Age at echocardiographic diagnosis was similar between sexes. Maximum aorta diameter and AA at baseline were higher in men. Any degree of AR was significantly more common in men at baseline.
Community Cohort Sex-Specific Morbidity Patterns at Follow-Up
Community cohort mean clinical follow-up time was 16AE7 years. Sex-specific morbidity at follow-up is presented in Table 2 . Of 291 patients with no significant aortic valve dysfunction at baseline (patients with baseline AS or AR 3+ or 4+ excluded), 232 (80%) had follow-up echocardiograms 12AE7 years after initial diagnosis. The 20-year rates of AR ≥2+ development at follow-up were 36AE5% and 14AE5% for men and women, respectively (P=0.01). The 20-year AVR rates were 41AE4% and 24AE5% for men and women, respectively (P=0.01). Two male patients had acute aortic dissection during follow-up versus no women (P=0.52). The 25-year rates of AA formation were 36AE6% and 14AE4% for men and women, respectively (P=0.11). The 25-year rates of surgery of the aorta were 30AE6% and 20AE5% for men and women, respectively (P=0.25). At 9AE6 years of follow-up, 9 male patients developed new definite or possible IE by modified Duke criteria. The 25-year rates of IE were 5AE2% for men and 0% for women (P=0.04).
Community Cohort Total BAV-Related Morbidity and Survival
The 20-year rate of total BAV-related morbidity was 52AE4% for men and 35AE6% for women (P=0.01, Figure 2A ). We performed multivariate analysis of baseline variables including age, sex, hypertension, diabetes mellitus, atherosclerotic disease, aortic coarctation and other congenital heart disease as predictors of BAV-related morbidity. Only age ≥50 years (HR 3.1; 95% CI 2.1-4.6; P<0.0001) and male sex (HR 1.52; 95% CI 1.06-2.2; P=0.02) were independent predictors of BAV-related morbidity. In addition, the 25-year rate of ischemic events (documented myocardial infarction or coronary revascularization) was also higher in men (16AE3% vs 5AE2%, P=0.01). Despite these morbidity differences, the 25-year survival was not different between sexes (P=0.41, Figure 2B ). Survival of the entire cohort was identical to that of the general population, P=0.98. Independent predictors of death for women were baseline age ≥50 years (HR 49.4; 95% CI 11.2-399.9; P<0.0001) and baseline AR 3+ or 4+ (HR 44.9; 95% CI 5.2-399.7; P=0.001). Independent predictors of death for men were baseline age ≥50 years (HR 2.8; 95% CI 1.06-8.49; P=0.03), baseline aortic valve peak velocity ≥2.5 m/s (HR 7.9; 95% CI 2.2-39.2; P=0.0005), and baseline LVEF (HR 0.93; 95% CI 0.90-0.97; P=0.001, per unit increase%).
Tertiary Clinical Referral Cohort
From 1990 to 2011, there were 3534 adult non-Olmsted tertiary clinical referral consecutive patients with a first-Mayo transthoracic echocardiogram depicting BAV ( Figure 1 ). Of these, 2824 patients had comprehensive aortic valve Dopplerhemodynamic echocardiographic data and were analyzed: 2089 (74%) men and 735 (26%) women. Indications for echocardiogram were known BAV or known BAV dysfunction in 1227 (43%), cardiac murmur in 439 (16%) patients, AA with BAV in 192 (7%), other congenital heart disease (most commonly history of aortic coarctation) in 127 (5%), cardiac symptoms or arrhythmias in 320 (11%), and miscellaneous in 519 (18%). Miscellaneous indications included ischemic heart disease, hypertension, dilated cardiomyopathy, congestive heart failure, preoperative evaluation, abnormal electrocardiogram, other (nonaortic) valvular dysfunction, and hypertrophic cardiomyopathy. Follow-up for survival was complete until death or September 2012. Mean follow-up time was 9AE6 years and not different between sexes. (5) 15 (5) 6 (5) 0.83
Coarctation, n (%) 30 (7) 18 (6) 12 (9) 0.26
Congenital heart disease, n (%)
54 (13) 34 (12) 20 (16) 
32 (8) 29 (10) 3 (2) 0.002
350 (84) summarizes their baseline characteristics. Baseline weighted Charlson comorbidity index was low and identical between sexes (P=0.82), rendering them comparable for analyzing long-term mortality. Congruent with the community cohort, maximum aorta diameters and baseline AA were greater in men but clinically comparable when corrected for height and as the ratio of aortic diameter to cross-sectional area by height (Table 3) . However, more men reached a cutoff of 10 cm 2 /m than women (18% vs 11%, respectively, P<0.0001)
for the ratio. Congruent with the community cohort, all AR severity grades were excessive in men. Despite absolute left ventricular end-systolic diameter (ESD) being larger in men than in women with AR ≥2+ (Table 3) , ESD-corrected BSA was the same between sexes, suggesting a similar degree of left ventricular dilatation between women and men with AR ≥2+.
Tertiary Clinical Referral Cohort Survival at Follow-Up
There were 463 deaths (16%) after 9AE6 years of follow-up. The entire cohort's 20-year survival was 64AE2% versus an age-and sex-matched US population (64% vs 72%, P<0.0001, Figure 3A ). The 20-year survival rates were 70AE3% and 62AE3% for women and men, respectively (P=0.79, Figure 3B ). However, the 20-year survival of men was lower than that in the general male population (62% vs 69%, relative death-risk 1.16; 95% CI 1.05-1.29; P=0.005, Figure 3C ). A more pronounced 20-year decreased survival was observed in women compared to the general female population (74% vs 81%, relative death-risk 1.67; 95% CI 1.38-2.03; P<0.0001, Figure 3D ). The relative difference in risk of death between men and women was 1.44 (95% CI 1.15-1.79; P=0.001).
Multivariate analysis of baseline predictor variables was performed including age ≥50 years, Charlson comorbidity index, BMI ≥30, ejection fraction ≥50%, severe AS, AR ≥2+, aortic diameter, and known aortic coarctation. Independent predictors of mortality were age ≥50 years and Charlson comorbidity index for both sexes and ejection fraction for men only (Table 4 ). Standardized mortality analysis showed similar independent predictor variables for both men and women. A cutoff of 10 cm 2 /m for the ratio of aortic diameter crosssectional area by height was univariately predictive of death (relative risk 1.46; 1.04-1.99; P=0.03) for the entire cohort, but not for each sex separately (a trend observed for men only, P=0.09). This parameter lost statistical significance when incorporated into multivariate models. When the relative risk of death was analyzed as a function of age as a continuous variable, the effect of age relative to the expected survival was significantly higher for ages <45 years (P<0.0001). Therefore, we analyzed the 1010 patients <45 years old within the cohort. AR ≥2+ was more prevalent at baseline in <45-year-olds (18% vs 11%, P<0.0001), and the 15-year relative death risk was increased in men (1.62; 1.16-2.26; P=0.003) but very prominently increased in women (3.59; 2.23-5.77; P<0.0001). Multivariate analysis of baseline predictor variables including Charlson comorbidity index, ejection fraction ≥50%, AR ≥2+, and aortic valve peak velocity was performed in <45-year-olds by sex. Independent predictors of mortality were Charlson comorbidity index for both sexes, ejection fraction for men only, and AR ≥2+ for women only (Table 5) . When ESD/BSA was included in the multivariate analysis, AR continued to be significant for women only (P=0.01), and ESD/BSA was not significant (P=0.46). A cutoff of 10 cm 2 /m for the ratio of aortic diameter cross-sectional area by height was insignificant in uni-and multivariable analyses. For patients ≥45 years old, the 15-year relative death risk was not significant for men and 1.33 (1.08-1.64, P=0.007) for women.
Survival Analysis of Initially Excluded Tertiary Clinical Referral Patients
A total of 710 patients from the tertiary clinical referral echocardiographic database were not initially analyzed 
Surgical Referral Cohort
From 1995 to 2010, 2251 consecutive BAV patients underwent AVR at our institution, of whom 461 (20%) were carryovers from the tertiary clinical referral cohort. Nine were excluded because they were redo AVRs; thus, 2242 patients remained for analysis. Follow-up for survival was completed until death or September 2014. Mean follow-up time was 6AE5 years and not different between sexes. Age at AVR was 62AE14 years, similar for both sexes (Table 6 ). Preoperative NYHA class 3 to 4 symptoms were present in 58% of women versus 46% of men (P<0.0001). Congruent with the community cohort, AS as cause for AVR was more common in women, and AR as cause for AVR more common in men. Congruent with the tertiary referral cohort, larger aorta diameters and more AA were present in men, but the aortic diameters corrected for patients' heights were identical between sexes ( Table 6 ). The ratio of aortic diameter crosssectional area by height, although statistically different due to the large number of patients, was also clinically comparable between sexes (Table 6 ). However, as in the tertiary referral cohort, more men reached a cutoff of 10 cm 2 /m than women (21% vs 15%, respectively, P=0.006). More men also underwent aorta repair than women. As in the tertiary referral cohort, the BSA-corrected ESD in patients with AR ≥2+ was clinically similar between the sexes.
Surgical Referral Cohort Survival at Follow-Up
There were 637 deaths (28%) after 6AE5 years of follow-up. The entire cohort's 15-year survival was 38AE2% versus that in an age-and sex-matched sample of the US population (38% vs 61%, P<0.0001, Figure 4A ). The 15-year survival rates were 34AE4% and 39AE2% for women and men, respectively (P=0.15, Figure 4B ). Congruent with the tertiary clinical referral cohort, the 15-year survival of men was significantly lower than that in the general male population (39% vs 60%, relative death risk 1.34 [95% CI 1.22-1.47], P<0.0001, Figure 4C ) and a more pronounced 15-year decreased survival was observed for women compared to the general female population (34% vs 64%, relative death risk 1.63; 95% CI 1.40-1.89; P<0.0001, Figure 4D ). The difference in relative risk of death between sexes was 1.22 (95% CI 1.02-1.45, P=0.026). We performed multivariate analysis of baseline predictor variables including age ≥60 years, Charlson comorbidity index, BMI ≥30, ejection fraction ≥50%, severe AS, AR4+, NYHA class 3 to 4, aortic diameter, baseline IE, and known aortic coarctation (Table 7) . Independent predictors of mortality were age ≥60 years and Charlson comorbidity index for both sexes; ejection fraction ≥50% and NYHA class 3 to 4 for men only. Aortic regurgitation 4+ was associated with better survival in men and independently associated with mortality in women (Table 7) . When ESD/BSA was included in the multivariate analysis for the surgical cohort, AR4+ became statistically insignificant (P=0.71), and ESD/BSA became an independent predictor (HR 1.23; 95% CI 1.1-1.39; P=0.0004, per unit change) for women only. Independent predictors remained unchanged for men. Standardized mortality analysis showed similar independent predictor variables for men, but for women only NYHA class 3 to 4 independently predicted There was no association between severe AS and NYHA 3 to 4 by sex. Conversely, NYHA 3 to 4 was present in 82% of women with AR4+ versus 33% of men (P=0.08, for a trend). The effect of age relative to the expected survival was significantly higher across all ages (P<0.0001).
Discussion
Our study examined sex-specific morbidity and survival patterns in adults with echocardiographic diagnosis of BAV. To corroborate patterns of BAV-related morbidity by sex and perform survival analysis in the context of BAV-morbidity accumulation and aging, we analyzed 3 different contemporary cohorts representing evolving echocardiographic-clinical stages of the BAV condition ( Figure 5 ): (1) first-time BAV echocardiographic diagnosis in the community (community cohort), where the main echocardiographic indication was abnormal auscultation; (2) first tertiary clinical referral echocardiogram (tertiary clinical referral cohort), where the principal echocardiographic indications were known BAV, known BAV dysfunction, and BAV-related aortopathy; and (3) at the time of first AVR (surgical referral cohort), which is the most common BAV-associated long-term complication 4 and thus inherent to the BAV condition. These 3 junctures depict initial and evolving echocardiographic-clinical stages in BAV adults and have significant clinical and epidemiological value because they are representative of adults with echocardiographically identified BAV cared for by institutions across the United States and across the world. Our principal findings were these ( Figure 5 ): (1) Sexspecific patterns of BAV dysfunction were consistently observed across the 3 cohorts; AR was significantly more common at baseline, at echocardiographic follow-up, and as a cause for AVR referral in men, whereas severe AS was more common for women as cause for AVR. (2) Sex-specific BAVrelated morbidity patterns were congruent; men exhibited significantly higher risk of AR and IE in the community cohort, AR and AA in the tertiary referral cohort, and AR, AA, and IE in the surgical referral cohort. (3) Sex-specific survival patterns were congruent; women exhibited a significantly higher relative risk of mortality than men in both the tertiary and surgical referral cohorts. (4) Aortic regurgitation ≥3+ independently predicted mortality in women in the community cohort; AR ≥2+ independently predicted mortality in <45-yearold women in the tertiary clinical referral cohort; and AR 4+ and NYHA class 3 to 4 were independent predictors of post-AVR (surgical referral cohort) mortality in women.
Overall Survival in the Tertiary Referral Cohort
By virtue of including exclusively adult patients, analyzing progressing echocardiographic-clinical junctures, and utilizing comprehensive death ascertainment, a survival disadvantage was uncovered in the tertiary and surgical referral cohorts despite low baseline Charlson comorbidity indexes 19 ( Tables 3 and 6 ). Tzemos et al 3 also reported outcomes in a tertiary clinical referral cohort of 642 BAV patients. However, after 9AE5 years of follow-up, their survival was identical to that in the general population. Major baseline differences between that cohort and our tertiary clinical referral cohort are older age in our cohort (51AE16 vs 35AE16 years), more frequent AR in our cohort (24% vs 20%), and more frequent AA in our cohort (27% vs <20%). The difference in baseline age between our tertiary cohort and that of Tzemos et al reflects our exclusion of community patients (ie, Olmsted County) and exclusion of patients <18 years old. Indeed, Tzemos et al included patients <18 years old and excluded referred patients from outside Ontario, whereas we included all patients regardless of their referral state. Although age was independently predictive of mortality for both men and women in all cohorts, for the tertiary clinical referral cohort, the effect of age relative to expected survival was significantly higher for patients <45 years old, and women <45 years exhibited a significantly larger mortality relative risk than men (62% for men vs >200% for women), which was independently associated with AR. This enhanced effect of age for <45-yearolds is thus likely due to the fact that AR ≥2+ was more prevalent in <45-year-olds (P<0.0001). This pattern was verified in the surgical referral cohort, where the baseline age of patients presenting for AVR with AR4+ was 50AE15 years versus 63AE13 years for the rest (P<0.0001). Overall, these observations suggest that besides age, BAV-associated valvular dysfunction and sex are critical determinants of overall survival in these BAV patients, such that middle-aged patients (particularly women) exhibit an increased risk of death associated with AR.
Overall Survival in the Surgical Referral Cohort
It would seem logical to assume that a decreased survival (as compared to the general population) is expected in a cohort undergoing AVR (the surgical referral cohort). However, undergoing AVR or other cardiac surgery does not necessarily predict higher mortality as compared to the general population. This notion is exemplified in our previous Olmsted county experience, where despite a rate of 53% of AVR at 25 years of follow-up, and a 25% rate of surgery for the aorta at 25 years, the 25-year mortality was identical to that in the general population. 4 In addition, Klodas et al 20 demonstrated that the post-AVR long-term survival for patients with class I or II symptoms before surgery for severe aortic regurgitation (tricuspid aortic valves), was identical to that of the general population. Tribouilloy et al 21 also demonstrated that the postmitral surgery survival for patients with class I or II symptoms before surgery for severe organic mitral regurgitation was identical to the general population. It may also seem attractive to hypothesize that our AVR cohort was "sicker" than other national cohorts and thus exhibited higher mortality; however, in a recent multicenter contemporary review of 54 183 patients undergoing primary AVR in the United States by Kaneko et al, 22 STS-defined NYHA class 3 to 4 was present in 60% of patients versus 49% in our surgical cohort (P<0.05). Finally, the baseline mean Charlson index was 1.43 for the surgical cohort, placing these patients at the lower spectrum of comorbidity. 19 Therefore, despite having identified baseline characteristics such as age, ejection fraction, AR4+, and advanced NYHA as independent determinants of mortality for the surgical cohort (Table 7) , we also hypothesize that overall accumulating BAV-related morbidity may also contribute to that decreased survival, a proposition that needs to be studied in a BAV surgical cohort with long-term morbidity assessment.
Sex-Specific Morbidity
Across the 3 cohorts studied, significant AR was significantly more common in men at baseline, follow-up, and at AVR referral. Conversely, AS was more common in women only at AVR referral, as recently observed. 8 Studies have identified an aortovalvular phenotype ("root phenotype") characterized by AR, root dilatation, and male predominance. 6, 23, 24 In addition, men have larger absolute aortic root diameters, which could render aortic valves insufficient. The community cohort total BAV-related morbidity was excessive in men versus women (Figure 2A ), driven by statistically significant excess of AVR and IE in men. Congruently, IE was also significantly greater in men undergoing AVR in the surgical referral cohort (Table 6 ). This is a critical finding because IE has a higher incidence than aortic dissection in BAV patients 7 ; thus, we show this higher incidence to be driven by its occurrence in men.
Aneurysm formation and aorta surgery were greater in men but did not reach statistical significance in the community cohort. Notwithstanding, tertiary referral and surgical referral cohorts showed statistically significant excess AA formation in men (Tables 3 and 6) , and more men underwent concomitant elective aorta repair within the surgical referral group. This is likely related to men reaching accepted elective aorta repair absolute diameter cutoffs (ie, 45 mm) at the time of AVR, 25 although surprisingly, aortic diameters corrected for height were clinically similar between sexes.
Sex-Specific Survival
Compared to the general population, both men and women exhibited decreased survival within evolving echocardiographic-clinical junctures, but the relative death risk was 40% higher for women than men in the tertiary clinical referral cohort and 20% higher for women in the surgical referral cohort, which is incongruent with the fact that men incur significantly higher AR, AA, and IE, and the baseline Charlson comorbidity index was higher in men than women in the surgical referral cohort (Table 6 ). This paradox is reflected in the 3 cohorts showing no difference in mortality when women and men are directly compared ( Figures 2B,  3B , and 4B), as men would be expected to die more. Our study supports this mortality paradox being at least partially related to AR in women, as shown across the 3 cohorts, where AR was independently associated with mortality in women only. When referring patients with severe AR for AVR based on absolute ESD cutoffs, 25 men will have larger absolute diameters because they also have larger BSA and thus will likely be referred for surgical correction earlier.
However, in the tertiary and surgical referral cohorts, ESD/ BSA were identical between men and women with significant AR (Tables 3 and 6 ), suggesting the same degree of left ventricular dilatation in both sexes. Remarkably, AR 4+ was a "protective" factor for men in the surgical referral cohort but independently predicted mortality in women (Table 7) . Timely ESD-guided surgical referral for AVR in men with significant AR, despite contributing to their excess morbidity, may be responsible for their "less severe" mortality, as their AVR becomes a preventative strategy. Klodas et al 20 demonstrated that the post-AVR long-term survival for pure AR patients with class I or II symptoms was identical to that for the general population, as compared to patients with NYHA class 3 to 4 symptoms. Indeed, women had attained advanced NYHA symptoms more frequently than men at the time of surgical referral (Table 6) , and NYHA class 3 to 4 was the single factor independently associated with mortality in women by standardized mortality analysis. In addition, when ESD/ BSA was added to the multivariate analysis for the surgical cohort, ESD/BSA became an independent death predictor (P=0.0004) for women only. Furthermore, there was a trend (P=0.08) for women with AR4+ to present with NYHA 3 to 4 symptoms when compared to men. In fact, higher mortality in women with AR (versus men with AR) has been previously reported for patients with tricuspid aortic valves 26 but never before in BAV patients. Finally, we hypothesize that the higher absolute aorta diameters in men, which are clinically similar to those in women after correction for height (Tables 3 and 6) , could lead to earlier referral for elective aorta repair in men, potentially resulting in excess fatal aorta complications (ie, dissection) in women, a hypothesis that needs to be studied. Nonetheless, in the large cohorts analyzed in this study, the proposed cutoff (10 cm 2 /m) 15 for the ratio of aortic diameter cross-sectional area by height, was attained more frequently by men and not statistically predictive of worse survival for either sex.
Limitations
Despite the large size of our 3 cohorts and extended followup, the study design for all cohorts was retrospective, with its inherent limitations. However, retrospective identification of patients constitutes the only feasible method to assess longterm outcomes in BAV, 4, 6 as prospective long-term follow-up of large BAV cohorts is unrealistic due to financial costs and the duration over multiple decades to attain outcomes. The echocardiographic follow-up of the community cohort (Table 2 ) and some baseline echocardiographic features for the tertiary and surgical referral cohorts (Tables 3 and 6) were not complete; however, sex patterns of valvular dysfunction and aorta dilatation observed in the community and tertiary referral cohorts were similar, and the surgical referral cohort confirmed these patterns reflected in congruent surgical indications for AVR and aorta surgery by sex. Specific BAV phenotype analysis was not available for the tertiary and surgical referral cohorts. Subjective biases of referring physicians cannot be accounted for and could be partially responsible for the observed sex differences in AVR-referral patterns. Although we estimate an accuracy of mortality ascertainment beyond 90%, the mortality differences between the general population and the BAV cohorts studied could still be underestimated. We were not able to ascertain aortic dissection events in the tertiary and surgical cohorts; thus, sex differences regarding this important outcome remain unknown. We reported all-cause mortality (instead of cardiac death) for all cohorts, but this may be an advantage rather than a limitation given the inconsistencies and biases observed in cause-ofdeath data derived from death certificates 27 in retrospective studies.
Conclusions
We reported sex differences in morbidity and survival patterns throughout evolving echocardiographic-clinical stages in adults with BAV. Compared to women, men exhibited a higher risk of BAV-related morbidity including AR, IE, and aneurysm formation. Aortic regurgitation was significantly more common in men at all junctures but independently predicted mortality in all cohorts for women only. Overall, the long-term survival of adults with echocardiographic diagnosis of BAV was lower than expected within evolving echocardiographic-clinical stages. This survival limitation was more prominent in women and was associated with AR as well as NYHA at the time of AVR. This new evidence should prompt early referral of BAV adults to specialized care with careful adherence to appropriate follow-up and referral guidelines for valvular intervention, with special attention to women with AR in whom careful symptom assessment, prevention of advanced NYHA class attainment, as well as ESD correction by BSA seem critical.
Research on the genetics and biology of male-predominant regurgitant phenotypes as well as mechanisms and prevention of IE is warranted. Research on the clinical significance of aortic diameters corrected by anthropometric parameters (ie, height) is warranted.
